Introduction {#sec1}
============

Changes in predator--prey interactions, as a function of ocean warming, are resulting in considerable challenges for biological systems, particularly in regions experiencing significant warming such as south-eastern Australia ([@ref34]). The south-eastern Australian region is one the fastest-warming regions in the southern hemisphere, and projections based on A1F1 scenarios ([@ref36]) suggest an increase in sea surface temperature (SST) of \~+3°C by the year 2060 ([@ref36]; [@ref61]). In Tasmania, warming temperatures have facilitated increased larval survival and settlement of a habitat-modifying sea urchin (*Centrostephanus rodgersii*) resulting in the formation of urchin barrens, i.e. reef areas that have been stripped of most algae (see [@ref49]; [@ref40]). This has created structural and functional changes across multiple ecosystem levels ([@ref49]; [@ref40]), with uncertain implications for key ecologically and economically important species, such as the southern rock (spiny) lobster *Jasus edwardsii* ([@ref61]; [@ref40]; [@ref33]; [@ref62]).

The ecosystem function that lobsters provide to Tasmanian rocky reefs may also be affected by key lobster predators such as the Maori octopus (*Octopus maorum*) ([@ref52]). Octopus are considered dominate natural predators of lobsters ([@ref1a]; [@ref55]; [@ref55a]) as well as predating on lobsters trapped in fishing pots (a source of mortality known as 'depredation', [@ref79]) ([@ref29a]; [@ref6]). A recent study on *J. edwardsii* suggests that octopus predation on trapped lobsters may increase with warming temperatures, indirectly affecting lobster predation on the destructive range-extending sea urchin ([@ref52]). Moreover, changes in octopus abundance and distribution are already occurring in the south-eastern Australian region(e.g. [@ref66]), as cephalopods are quickly responsive to temperature changes ([@ref68]; [@ref69]; [@ref23]).

Lobsters can display a strong circadian pattern in foraging behaviour, being active at night and remaining inside shelters during the day ([@ref49b]). Such a pattern, however, can be modified under predation risk ([@ref80]). Lobsters are able to detect predator chemical cues (known as 'kairomones'; see [@ref24]), allowing prey individuals to detect and therefore potentially avoid predators from a distance ([@ref14a]). In particular, lobsters can alter key behavioural traits once exposed to octopus presence, affecting lobster habitat selection and increasing sheltering behaviour ([@ref3]; [@ref55]; [@ref9]). Recent studies have demonstrated that octopus presence can also alter *J. edwardsii* physiology: threatened individuals reduced their metabolic rates for around 3 h after being exposed to octopus kairomone ([@ref7]). Such a match between physiological (e.g. reduced metabolic rate) and behavioural (e.g. inactivity or immobility) traits has been reported in different taxa ([@ref35]; [@ref17]; [@ref76]; [@ref46]; [@ref59]; [@ref41]; [@ref60]). Even though such immobility (or 'freezing', [@ref74]) behaviour by prey individuals under predation risk may be energetically low-cost compared with active escaping responses (e.g. [@ref7]), it is unclear how both anti-predator strategies will respond to environmental variability due to climate change, e.g. warming of SST.

The trade-off between foraging activity and predation risk can be strongly modulated by environmental stressors such as temperature ([@ref43]; [@ref19]; [@ref51]; [@ref57]; [@ref45]), as the energetic demands in ectotherms are largely influenced by temperature ([@ref1]; [@ref20]). Under warming temperatures, the amount of energy required by prey for maintenance or survival is expected to increase, with implications for individual energy reserves ([@ref30]; [@ref70]). Moreover, recent studies suggest that temperature-dependent growth of spiny lobsters was also restricted by their capacity to consume sufficient food to meet the increased energetic demands at high temperatures ([@ref26]).

The oxygen- and capacity-limited thermal tolerance (OCLTT) hypothesis ([@ref63]) states that a mismatch between oxygen demand and the limited capacity of oxygen supply to tissues restricts the thermal tolerance windows for marine organisms ([@ref63]). The optimal thermal window for a species therefore lies between the lower and upper pejus temperatures (the Latin 'pejus' means 'getting worse'), and outside this window a reduction in the oxygen levels in the body fluids occurs (hypoxemia), which decreases the aerobic scope for animal performance ([@ref63]). Aerobic scope (AS) represents the amount of energy available to perform aerobic metabolism above maintenance requirements, a proxy used to assess whole-animal performance and fitness in aquatic organisms ([@ref27]; [@ref63]). In a predator--prey context, the prey escaping response implies a considerable energetic cost for aquatic prey as typically anaerobic metabolism results ([@ref50]; [@ref44]), requiring long-term recovery periods, which can last hours in some spiny lobsters (e.g. 8--12 h in *Sagmariasus verreauxi*, [@ref37]). Excess post-exercise oxygen consumption (EPOC) is used as a proxy of recovery periods after anaerobic activity and is characterized by a rise in aerobic metabolism. During the recovery period, a prey individual will use a proportion of its AS until recovery is complete, restricting other oxygen-consuming physiological functions ([@ref44]). Previous studies have revealed that EPOC can be intensified by elevated temperatures in aquatic organisms (e.g. [@ref25]; [@ref44]), although examinations linking physiological and behavioural responses under thermal scenarios are lacking, currently limiting our understanding of climate-change impacts on predator--prey relationships ([@ref22]).

Considering previous information on *J. edwardsii* physiology under predation risk ([@ref7]), we hypothesize that lobster sub adult routine metabolism (a proxy of individual activity) may be decreased under predation risk (kairomone exposure), resulting in a reduction of activity (or immobility) as a commonly known anti-predatory response in aquatic crustaceans. However, warming waters will impose an elevated energetic maintenance requirement, which may increase the need for foraging activity and consequently change the predation risk response. To test this hypothesis, we examined different metabolic traits in sub adult *J. edwardsii* related to predator--prey interactions under thermal scenarios based on projected temperatures for the south-eastern Australian region ([@ref61]). Here, two scenarios were defined: current (20°C) and warming (23°C) in combination with presence/absence of predator risk. First, energetic maintenance requirements were evaluated at both temperatures by examining standard metabolic rate (SMR) in order to define the energetic 'baseline' of sub adults. Second, we examined routine metabolic rates (RMRs) as a proxy of lobster activity within the respirometry chambers after octopus olfactory cue (kairomones) exposure to test changes in physiological responses (such as immobility) under the two thermal scenarios. Third, lobster-escape responses such as tail-flipping were examined by active metabolic rates (AMRs) and EPOC.

Methods {#sec2}
=======

Animals {#sec3}
-------

Subadult *J. edwardsii* were collected as pueruli (first benthic post-larval stage) from the wild in southern and eastern Tasmania and reared in the facilities of the Institute for Marine and Antarctic Studies (Taroona) between 2011 and 2014. A total of 100 inter-moult individuals (\~50--60 mm CL) were randomly selected and grouped for 3 weeks in a large tank (1900 L) (holding tank) between October and November (2014). The tank was supplied with flow-through water, where water temperature ranged between 15 and 17°C and the salinity was \~34 PSU. Over this period, lobsters were fed with live mussels (*Mytilus galloprovincialis*) every 2 days as suggested by [@ref72]. Lobsters were kept in a natural light cycle of 13--15-h day length over this period.

Two male octopuses (*Octopus maorum*) (6--8 kg) were used to create a nocturnal predation-risk scenario. These individuals were collected from a scientific reserve with an area of ca. 1 km^2^ at Crayfish Point near Taroona in Tasmania, Australia (42°57.2′S: 147°21.2′E). Octopuses were individually placed in 800-L circular tanks provided with artificial shelters and covered with black mesh to suppress escaping. Individuals were fed with prawns (*Fenneropenaeus merguiensis*) daily to satiation (*ad libitum*). Environmental conditions (temperature, salinity and photoperiod) were the same as described for lobsters above. Octopus collection, maintenance and handling were conducted under the University of Tasmania Animal Ethics Committee, permit approval no. A0013584.

Experimental design {#sec4}
===================

Thermal scenarios {#sec5}
-----------------

The current maximum water temperature over summer in northern Tasmania (20°C) was used as a proxy for the maximum temperatures commonly experienced by *J. edwardsii* in Tasmania. Considering this temperature as a base line, SST projections under the IPCC-A1F1 scenario ([@ref36]) for the south-east Australian region for the year 2060 (+ 3°C) resulted in 23°C. Hence, these thermal scenarios were defined as 'current' (20°C) and 'warming' scenarios (23°C).

A total of 48 lobsters were randomly selected from the inter-moult lobster population previously described, with sex and body weight individually recorded. Animals were acclimated to these thermal scenarios between January and March 2015 for between 7 and 14 days, a suitable period to achieve metabolic acclimation in lobsters (e.g. *Sagmariasus verreauxi*, [@ref25]).

In order to avoid prolonged acclimation periods and variability among individuals, lobster acclimation was conducted in four consecutive rounds ('acclimation rounds') including 12 sub adults per round. Acclimation rounds were conducted in four 57-L rectangular tanks at a density of three individuals per tank. Tanks were provided with shelters built with oyster mesh (5 mm mesh size) to reduce agonistic behaviour in *J. edwardsii* sub adults ([@ref13]). In addition, these tanks were supplied with water from an open-flow system from two head tanks (450 L each one) where the experimental temperatures were achieved via two immersion heaters (8.33 A, 2000 W). The tanks were supplied with a continual air supply through air stones, and water volume was exchanged 3.5 times per hour, keeping levels of dissolved oxygen at or near saturation (\>90%) and ammonia levels \> 1.0 mg L^−1^. Temperature was logged every 2 h.

Lobsters were fed with fresh mussels (half-shell per lobster) every second day during each acclimation round. Moulting individuals occurred at very low numbers (\<5%) over the acclimation period, and they were excluded from respirometry measurements given profound physiological changes in *J. edwardsii* associated with moulting ([@ref73]). Additionally, before any respirometry measurements were taken, lobsters were fasted for 72 h to standardise the post-prandial state among individuals ([@ref37]).

Octopus were randomly selected and acclimated at the same experimental temperatures for 72 h before lobster respirometry was undertaken. This allowed a match between thermal and predation risk scenarios, as well as reduced thermal stress in the octopus. No food was provided over this period to avoid predator diet cues (faeces) as a confounding factor in the predation risk experiments (e.g. [@ref24]). Octopus acclimation was performed in a 200-L circular tank (shelters and covering mesh provided) supplied with water from a circular tank (800 L) in which a heater was installed (8.33 A, 2000 W). Animals were gradually acclimated from normal temperature to the thermal scenarios over 72 h using a warming rate of 0.5--1°C per day.

General set-up for respirometry {#sec6}
-------------------------------

Metabolic states analysed here were calculated from measurements of oxygen consumption or metabolic rates (*ṀO*~2~) and were conducted with an intermittent-flow respirometry system consisting of two 3.55-L respirometric chambers (radius: 48 mm; length: 480 mm) described by [@ref37]. Here, each trial consisted of two lobsters placed individually in each of the respirometry chambers (see supplementary [video](#sup3){ref-type="supplementary-material"}) and simultaneously exposed to thermal and predation risk scenarios as described below. Each chamber had oyster mesh (5-mm mesh size) fitted to the lower section to provide a tractional surface as suggested for lobster respirometry (e.g. [@ref37]). Animals were able to move along the chamber, and an oyster mesh cylinder (15 cm × 7 cm) was included within the chamber to promote sheltering behaviour.

Dissolved oxygen was measured every 10 s by a luminescent dissolved oxygen optode (Hach LDP, HQ40d, Hach company, USA). Two submersible aquarium pumps (Quiet One 1200) were connected to each chamber. One pump was used for mixing the water inside the chamber and delivery of water past the oxygen optode at a rate of 1.0 exchange min^−1^ (3.55 L min^−1^). The flushing cycle was performed every 5 min by connecting the pump to a digital timer (DRT-1, Sentinel, China). The closing or sealing cycle of the chamber was performed every 10 min. This resulted in measurements of *ṀO*~2~ every 15 min. Briefly, lobsters were placed into the respirometer around midday and *ṀO*~2~ was continually monitored for 26 h resulting in 104 individual *ṀO*~2~ measurements. The first 6 h were considered as an acclimation period, which were not included in the analyses. Respirometric chambers were carefully rinsed with freshwater after each trial and sterilized with a chlorine solution every two trials. In addition, oxygen saturation was kept above 90% (e.g. [@ref37]; [@ref25]) and background oxygen consumption was measured in empty chambers after each trial for 3--6 h. After respiratory measurements, lobsters were removed from the chambers and their wet weight recorded using a digital scales (±0.01 g). Animals were returned to the acclimation tanks until the acclimation round was finished. Over this period, animals were constantly observed and moulted individuals were removed from the analysis. Respirometry was conducted under a natural light cycle, with the nocturnal period between 20:00 and 8:00, under a natural light cycle.

Predation risk scenarios {#sec7}
------------------------

Respirometry trials were carried out in a recirculating water system designed to expose lobsters to octopus kairomones ('cues'), which were used as a proxy for predation risk ([Fig. 1](#f1){ref-type="fig"}). The system consisted of a conditioning tank (200 L) where an octopus was placed and which could be connected to a 455-L treatment tank ('bath') where an intermittent respirometry system was immersed.

Nocturnal predation risk scenarios were simulated by the inclusion of kairomones from octopus during lobster respirometry. Two predation risk scenarios resulted from the absence ('− Risk') or presence ('+ Risk') of such predator cues, considered as treatment and control trials, respectively. In addition, these predation risk scenarios were randomly undertaken in combination with the thermal scenarios previously described. A protocol describing the steps performed for the generation and exposure of kairomones is shown in [Supplementary Table 1](#f2){ref-type="fig"}. Importantly, the same protocol was applied for control trials, differing only in the presence of octopus in the conditioning tank.

The total number of lobsters used in this study was slightly reduced from the original experimental design (*n* = 48) given some lobster mortalities (i.e. individuals escaping from the experimental system) and some moulting occurred during acclimation rounds. This resulted in an unbalanced design with a total of 35 individuals finally used for this experiment, which is summarized in [Table 1](#TB1){ref-type="table"}. Lobster body weight did not differ among treatment groups according to an analysis of variance (ANOVA) (*F* = 0.232; *P* = 0.633).

Metabolic states {#sec8}
----------------

From *ṀO*~2~ measurements previously described, we examined different metabolic states from lobsters under thermal and predation risk scenarios, including standard metabolic rates (SMRs), routine metabolic rates (RMRs), excess post-excercise oxygen consumption (EPOC) and active metabolic rates (AMRs).

![Experimental set-up used on sub adult *J. edwardsii* (prey) respirometry under exposure of kairomones from octopus odour (predator). The set-up consisted of (1) bath reservoir (treatment tank), (2) two respirometric chambers, (3) flushing pump (which pumps water from the bath into the chambers), (4) mixing pump, (5) oxygen probe, (6) recirculating pump, (7) heater/chiller unit and (8) conditioning tank. Blue arrows show direction of water circulation throughout the system without kairomones. Red arrows show the direction of water with kairomones from the conditioning tank to the bath. Details on experimental set-up are provided in [Supplementary Information](#sup1){ref-type="supplementary-material"}.](coaa065f1){#f1}

Standard metabolic rates at different temperatures (SMR) {#sec9}
--------------------------------------------------------

SMR is defined as the minimal maintenance or resting metabolic rate of an unstressed, post-absorptive, non-reproductive and inactive individual while in its resting phase, measured at a specific temperature ([@ref28]; [@ref11]). We used SMR as a proxy to define energetic requirements from lobsters without predation risk (as predator cues may modify the unstressed condition necessary for determining SMR) and under both thermal scenarios (20 and 23°C). Given the limited information on standard metabolism in sub adult *J. edwardsii* across temperatures ([@ref18]), we further examined the SMR at two lower temperatures, 14°C (*n* = 3) and 17°C (*n* = 4), in order to achieve a better understanding of the relationship between SMR and temperature. SMR was calculated following [@ref25] as the mean of the lowest 10% of all values exclusively for treatments without predation risk (control trials) under the conditions mentioned above.

###### Summary of replicates per treatment from thermal and predation risk scenarios used in sub adults *J. edwardsii* (50--60 mm of carapace length)

  --------------------------------------------------------------------------------------------------------
  ***Predation risk/thermal scenarios***   ***Current scenario (20°C)***   ***Warming scenario (23°C)***
  ---------------------------------------- ------------------------------- -------------------------------
  ***Absence (− risk)***                   *n* = 10\                       *n* = 12\
                                           (79.6 ± 11.8 g)\                (76.2 ± 16.0 g)\
                                           80% female                      58% female

  ***Presence (+ risk)***                  *n* = 7\                        *n* = 8\
                                           (76.0 ± 9.2 g)\                 (77.2 ± 7.9 g)\
                                           57% female                      25% female
  --------------------------------------------------------------------------------------------------------

Mean body weight and variability (± se) is included

###### Exponential growth regression describing the relationship between temperature (14--23°C) and standard metabolic rate of *J. edwardsii* sub adults (body weight = 79 g ± 13 g).

  ***Coefficient***       ***Estimate***    ***Std. error***   ***Df***   ***t value***   ***P value***
  ----------------------- ----------------- ------------------ ---------- --------------- ---------------
  ***Fixed effect***                                                                      
  ***a (intercept)***     0.009             0.238              27         −19.157         \<0.001
  ***b (temperature)***   0.071             0.012              27         6.108           \<0.001
                                                                                          
  ***Random effect***     ***Intercept***   ***Residual***                                
  ***Std***. ***dev***    0.173             0.065                                         

![Example of a measurement of metabolic rates at 23°C under predation risk ('+ risk'). We examined the following metabolic states: the routine metabolic rate (RMR), the standard metabolic rate (SMR) and the active metabolic rate (AMR). Additionally, the excess post-excercise oxygen consumption (EPOC) and aerobic scope (AS) are shown. Each dot represents an average measurement of metabolic rate over a period of 15 minutes. RMR was calculated as the mean value per hour, examined during the night time ('RMRn') and day time ('RMRd'). SMR was estimated as the mean value of the lowest 10% of the measurements and only calculated for lobsters without predation risk. 'AS + risk' was calculated using mean values of SMR (SMRmean) for each temperature. AMR and EPOC were obtained after exhaustion as specified by the dashed vertical line. Additionally, the dashed box represents the acclimation period (6 hours) and the grey box represents the nocturnal period defined between 20:00 and 08:00. The predation risk scenario was generated by exposing the lobsters to octopus (*Octopus maorum*) cues (kairomones) performed approximately at 02:00 as illustrated by the vertical grey line. In the no predation risk scenario, this procedure was performed with sea water only.](coaa065f2){#f2}

Routine metabolic rates under predation risk and temperature (RMRs) {#sec10}
-------------------------------------------------------------------

RMR relates to the *MO~2~* post-absorptive, non-reproductive and undisturbed animal that also includes the costs of spontaneous activity and the maintenance of posture and equilibrium ([@ref28]; [@ref11]). In our study, we used RMR to measure lobster activity within the respirometry chambers. The effect of predation risk and thermal acclimation scenarios on lobsters was examined for nocturnal and diurnal RMR following Briceño *et al*. (2018). The nocturnal RMR (RMRn) was used as a proxy of nocturnal activity pre and post treatment in relation to kairomone exposure. RMRn was calculated as the mean hourly *ṀO*~2~, examined between 3 h before and 6 h after kairomone exposure (KE) (the period between 2:00 and 8:00, referred as 'RMRn+risk'). In addition, diurnal activity was estimated via diurnal RMR (RMRd) examined over the period between 08:00 and 12:00, resulting in 'RMRd-risk' and 'RMRd+risk' for sub adults under the absence and presence of predation risk, respectively.

After 24 h of the initiation of each trial (approximately between 13:00 and 14:00), each animal was removed from the chamber and swum until exhaustion by manually encouraging the lobster to swim following the method described by [@ref25]. This chasing protocol was performed on animals in both predation risk scenarios. Animals were exercised in a circular tank (100 L) for \~3 min until lobsters became exhausted and non-responsive to stimuli by hand. Lobsters were immediately replaced in the respirometer and measurements taken to estimate the EPOC. EPOC was examined at 15, 30, 45 and 60 min post-exhaustion. The resulting EPOC for animals under predation risk was referred to as 'EPOC+risk'. The AMR was defined as the maximum EPOC, which generally occurred at the first recording after exhaustive exercise ([@ref38]; [@ref25]). Under the predation risk scenario, this metabolic rate was referred to as 'AMR+risk'. Finally, the AS was calculated as the difference between AMR and SMR, which was calculated differently for each predation risk scenario. The AS under predation risk ('AS+risk') was calculated using 'AMR+risk' from each individual but using mean values of SMR (SMRmean) ([Fig. 2](#f2){ref-type="fig"}) for each temperature (20 and 23°C).

Analysis {#sec11}
--------

Lobster *ṀO*~2~ and background respiration were determined by applying linear regressions to the rate of decline of dissolved oxygen concentration during the respirometer closed (non-flushing) cycle. *ṀO*~2~ was expressed in mg O~2~ h^−1^ g^−1^ after the subtraction of background respiration.

We applied generalized linear mixed models (GLMMs) to examine the effect of temperature and predation risk on lobster standard, routine and active metabolisms. While each of these metabolisms was examined by different variables used as the fixed term in the GLMMs, we incorporated the 'individual' as a random term. In doing so, the lack of independency from any pseudo-replication that may have occurred (because each trial was run with two lobsters simultaneously) could be solved by using the random term ([@ref82]). A similar approach has been applied in previous studies examining lobster physiology under predation risk (see [@ref7]). All GLMMs included the same random term as specified.

To examine the effect of temperature levels (14, 17, 20 and 23°C) on SMR, a GLMM using temperature as a fixed factor and log-SMR as an explanatory variable was used. Thus, the relationship between temperature and SMR was further examined by fitting an exponential curve. Given the imbalance between replicates over the experimental temperatures, a Type II ANOVA was undertaken to test significance of temperature.

The effect of predation risk and temperature on lobster routine metabolism was analyzed for night and day ('period') after KE. The interaction period\*predation risk was examined as a fixed factor in the GLMMs, independently for each thermal scenario. This modelling approach allowed us to better examine variability exclusively associated with the interaction term (e.g. RMR changes during day and night under predation risk); otherwise, GLMM outcomes were masked by the strong effect of temperature on lobster metabolism. The significance of factors was further examined by analysis of variance (ANOVA, Type II) with significant differences identified by Tukey's HSD tests for post hoc multiple comparisons.

The effect of predation risk and temperature on AMR and AS was explored by Type II ANOVA to examine the interaction predation risk \* temperature. EPOC was compared with pre-exhaustion RMRd by two-tailed independent t-tests. Significance levels were set at *P* \< 0.05, and all analyses were performed in R ([@ref65]), using packages 'lme4' for the GLMMs, 'car' for ANOVA and 'ls means' for Tukey's HSD tests.

Results {#sec12}
=======

The effect of temperature on standard metabolism {#sec13}
------------------------------------------------

The standard metabolic rate of lobsters exponentially increased between 14 and 23°C (*χ*^2^ = 37.304, df = 1, *P* \< 0.001) ([Fig. 3](#f3){ref-type="fig"}). Coefficients from the SMR--temperature relationship are shown in [Table 2](#TB2){ref-type="table"}. In particular, SMR increased around 39% between 20 and 23°C with a relatively similar variability among individuals (coefficient of variance, CV = 21%).

![(a) Exponential growth in mean values of standard metabolic rate at 14°C (*n* = 3), 17°C (*n* = 4), 20°C (*n* = 10) and 23°C (*n* = 10) for sub adults *J. edwardsii*. Vertical bars represent standard errors. Dashed line represents exponential fitting. Details on exponential fitting are provided in [Table 2](#TB2){ref-type="table"}.](coaa065f3){#f3}

![(a) Temporal changes (hourly) in RMRs for sub adult *J. edwardsii* after kairomone exposure representing absence (-- risk) and presence (+ risk) of predation risk at two temperatures: 20°C and 23°C. Dashed vertical lines represent the time (approximately at 02:00 am) when animals were exposed with kairomones, and the 6-hour period after the exposure until around 8:00. Significance between treatments (ANOVA test, type II) (-- risk vs + risk) is expressed by an asterisk. Vertical bars represent individual variability (mean + 1 SE). (b) Mean routine metabolic rates at day and night for sub adults under conditions of absence (-- risk) or presence (+ risk) of predation risk at ambient (20°C) or projected warming (23°C) temperatures. Horizontal bars represent intra (solid) and intertreatment (dashed) differences, with asterisks specifying the level of significance: ^\*^ \<0.05, ^\*\*^ \<0.01; ^\*\*\*^ \<0.001.](coaa065f4){#f4}

Temporal changes in routine nocturnal metabolism after KE {#sec14}
---------------------------------------------------------

Overall, lobster RMR at 20°C was 41.9% lower than at 23°C, regardless of risk scenario. RMR 1 to 3 h before KE (the pre-exposure period) was similar between predation risk scenarios at 20°C (*χ*^2^ = 0.049, df = 1, *P* = 0.824) and 23°C (*χ*^2^ = 0.306, df = 1, *P* = 0.580) ([Fig. 4a](#f4){ref-type="fig"}). Conspicuous temporal changes in RMRn after KE were found at 20°C, but not at 23°C, resulting in the following three main periods: (1) a quick reduction in RMRn+risk between the pre-treatment period and the first hour after KE at 20°C (χ^2^ = 4.8012, df = 1, *P* \< 0.05). This decrease in RMRn+risk resulted in a reduction in metabolic rate of 29% (or a difference of 0.024 mgO~2~ h^−1^ g^−1^) compared to control animals suggesting an acute response at this temperature. (2) An increase in RMRn+risk between 1 and 3 h after octopus kairomone exposure observed at both temperatures without any difference between predation risk scenarios. (3) A decrease in RMR between 3 and 6 h after KE observed at both temperatures, independent of the predation risk scenario. Nevertheless, the rate of decline was slightly more in RMRn+risk than RMRn-risk at 20°C according to the interaction predation risk \* hour (*χ*^2^ = 3.357, df = 1, *P* = 0.067).

Mean nocturnal and diurnal RMR under predation risk and temperature {#sec15}
-------------------------------------------------------------------

At 20°C, lobsters showed a difference in mean RMR between nocturnal and diurnal periods (interaction risk \* period, *χ*^2^ = 7.089, df = 1, *P* \< 0.01) ([Fig. 4b](#f4){ref-type="fig"}). For example, mean RMRn+risk was on average 17% lower than mean RMRn-risk, and mean RMRd+risk was 14% higher than mean RMRd-risk. Interestingly, nocturnal routine metabolism under predation risk was not significantly different from the diurnal metabolism of animals in the absence of risk. At 23°C, lobsters demonstrated the same pattern as controls reducing (16%) routine metabolism during the day, but this was not significantly different between predation risk scenarios (*χ*^2^ = 1.324, df = 1, *P* = 0.249). Further details about the relationship between routine metabolism and predation risk, period and temperature are provided in [Table 3](#TB3){ref-type="table"}. Overall, lobsters under predation risk at 20°C consumed \~29% less oxygen than unthreatened lobsters at the same temperature.

AMR and AS under predation risk and temperature {#sec16}
-----------------------------------------------

Active metabolism was not affected by predation risk (*χ*^2^ = 0.202, df = 1, *P* = 0.653) or by temperature (*χ*^2^ = 0.611, df = 1, *P* = 0.435), and the interaction of both factors was also not significant (*χ*^2^ = 0.351, df = 1, *P* = 0.553) ([Fig. 5a](#f5){ref-type="fig"}). These results indicate that, independent of the temperature and predation risk, lobsters consumed a similar amount of oxygen after exhaustion. There was an inverse relationship between the AS and the temperature for both predation risk scenarios, resulting in an elevated AS at 20°C compared to 23°C ([Fig. 5b](#f5){ref-type="fig"}). Temperature affected AS (*χ*^2^ = 5.41; df = 1; *P* \< 0.05), independently of predation risk (*χ*^2^ = 1.817, df = 1, *P* = 0. 178). Individuals under predation risk showed a drop of 0.0159 (mgO~2~ h^−1^ g^−1^) between 20 and 23°C. Furthermore, variability among individuals was higher at 20°C (25%) than at 23°C (11%).

The effect of predation risk and temperature on the EPOC {#sec17}
--------------------------------------------------------

There was no difference in EPOC between predation risk levels at 20°C (*χ*^2^ = 0.077, df = 1, *P* = 0.782) or at 23°C (*χ*^2^ = 0.020; df = 1, *P* = 0.887) ([Fig. 6](#f6){ref-type="fig"}). However, temperature affected EPOC (*χ*^2^ = 12.225; df = 1, *P* \< 0.001), although there was no difference in the temporal patterns in EPOC between temperatures (interaction time \* temperature) (*χ*^2^ = 0.569; df = 1; *P* = 0.450). Furthermore, EPOC at 20 and 23°C did not return to pre-exhaustion routine metabolic levels during the examination period (within 60 min after exhaustion).

###### Generalized linear mixed model (GLMM) outcomes to test the effect of predation risk: '+ Risk' (presence of predator kairomones) and period (night and day) at 20°C (a) and 23°C (b) on RMRs in *J. edwardsii* sub adult.

  **GLMM at 20°C**                                                                           
  ------------------------ ------------------- ------------------ ---------- --------------- ---------------
  ***Intercept***          0.085               0.009              15         9.35            \< 0.01
  ***+ Risk***             −0.028              0.014              15         −1.99           0.0641
  ***Period***             −0.014              0.004              15         −3.28           \< 0.01
  ***Period \* + Risk***   0.018               0.007              15         2.662           \< 0.05
                                                                                             
  ***Random effect***      ***Intercept***     ***Residual***                                
  ***Std. dev***           0.019               0.010                                         
                                                                                             
  **GLMM at 23°C**                                                                           
  ***Fixed effect***       ***Coefficient***   ***Std. error***   ***DF***   ***t value***   ***P value***
  ***Intercept***          0.118               0.006              18         19.069          \< 0.01
  ***+ Risk***             −0.009              0.009              18         −0.913          0.373
  ***Period***             −0.021              0.003              18         −6.593          \< 0.01
  ***Period \* + Risk***   0.006               0.005              18         1.151           0.265
                                                                                             
  ***Random effect***      ***Intercept***     ***Residual***                                
  ***Std. dev***           0.017               0.008                                         

Discussion {#sec18}
==========

Our examination of the respiratory physiology of *J. edwardsii* sub adults under predation risk and temperature treatment demonstrates that animals display a different metabolic response depending on predation risk and thermal scenario. Unthreatened lobsters displayed a strong circadian pattern in routine metabolism, resulting in higher oxygen consumption rates at night. This pattern was magnified at 23°C, demonstrating an elevated routine metabolism under warming scenarios. However, under predation risk, lobsters acclimated at 20°C exhibited a rapid downregulation of routine metabolism, which was not observed at 23°C. These findings suggest that warmer temperatures may induce a change to the typical predation risk response of immobility. We hypothesize that heightened energetic maintenance requirements may act to override normal predator-risk responses under climate-change scenarios.

![Relationship between sub adult *J. edwardsii* (a) A and temperature and (b) aerobic scope and temperature under the absence (-- risk) and presence (+ risk) of predation risk. Vertical bars represent individual variability (mean + 1 SE).](coaa065f5){#f5}

![Mean EPOC rate of *J. edwardsii* sub adults at 20°C and 23°C at different time post-exhaustion (min). Horizontal lines represent the pre-exhaustion diurnal RMRs (Pre-RMRd) for individuals under absence (dashed line; 'Pre-RMRd-risk') and presence of predation risk (solid line; 'Pre- RMRd+risk'). Asterisks (\*) indicate significant differences from a two-tailed independent t-test (p \< 0.05) between pre-exhaustion RMR and EPOC. Vertical bars represent individual variability (mean ± 1 se).](coaa065f6){#f6}

![A conceptual model of decision-making (sheltering vs foraging) in sub adult *J. edwardsii* under predation risk is proposed from major outcomes of our study. Using RMRs as a proxy of lobster activity under predation risk and SST, three scenarios are explored: (A) Under current temperatures, lobster foraging occurs mainly at night, resulting in a circadian pattern in routine metabolism with a maximum nocturnal energy requirement. (B) Under predation risk and current temperatures, lobster sheltering behavior increases as an anti-predator response, involving a reduction in RMR during the night and the loss of foraging opportunity. (C) Under warming temperatures and predation risk, lobster decision-making is expected to change due to elevated energy requirements for maintenance at higher temperatures, increasing prey exposure while foraging. In this scenario, response to predation risk is overridden by the response to elevated temperatures.](coaa065f7){#f7}

SMR and AS {#sec19}
----------

The maintenance requirements, here examined by the SMR, increased exponentially between 14 and 23°C, as typically observed in ectotherms within their thermal tolerance window ([@ref63]). The increasing SMR between current (20°C) and warming (23°C) scenarios would suggest that sub adult lobsters would increase their maintenance requirements (approximately up to 39%) at temperatures projected for the south-eastern region of Australia by 2060. The exponential increase in SMR up to the maximum temperature examined (23°C) suggests that the upper critical temperatures were not exceeded, according to the OCLTT hypothesis ([@ref63]). Previous research on the thermal physiology of *J. edwardsii* would suggest that 23°C would be very close to the critical limits for the species ([@ref77]). Using small juveniles (1--5 g), Thomas *et al*. (2000) reported a decreasing trend in SMR between 22 and 24°C, suggesting that the upper critical temperature limit is within this range.

In this study, lobster AS was higher at 20 than at 23°C, independent of the level of predation risk, suggesting that the upper pejus temperature was exceeded at 23°C. A previous study found that the maximum AS of sub adult *J. edwardsii* was at 13°C ([@ref18]), suggesting that both experimental temperatures examined in the present study (i.e. 20 and 23°C) were beyond the upper *pejus*. Beyond the *pejus* temperature, overall physiological performance diminishes due to incapacity of the cardiorespiratory system to meet increased oxygen demands associated with elevated metabolism. Nevertheless, further studies examining a broader range of temperatures in juveniles and sub adults are needed to better define thermal tolerance and associated aerobic performance in *J. edwardsii*.

Routine metabolism under predation risk and temperature {#sec20}
-------------------------------------------------------

At the current temperature scenario (20°C), lobsters exposed to octopus olfactory cues reduced their RMR by 29% during the first hour after KE. The lowering in RMRn+risk provides evidence of an immobility response (i.e. move into hiding and reducing activity), which is suggested as a predator avoidance mechanism in spiny lobsters ([@ref8]; [@ref7]). Interestingly, the RMR of lobsters under nocturnal predation risk was similar to the diurnal RMR from controls when lobsters are typically inactive as demonstrated in *J. edwardsii* respirometry experiments ([@ref18]). Reduced activity is considered as a taxonomically widespread response to predation risk and an effective mechanism to avoid predation ([@ref71]; [@ref47]; [@ref78]; [@ref60]), commonly reported in aquatic crustaceans such as lobsters (see [@ref31]). Such reduction in prey activity was previously defined as 'freezing' in fish gobiid studies where predator cues from octopus were used (e.g. [@ref60]). Alternatively, such immobility response could reflect a reduction in metabolites or chemical cues produced by lobsters (e.g. 'chemical quiescent') which may minimize the predator's perception of the prey, as discussed previously in lobsters (e.g. [@ref2]) and other crustaceans (e.g. [@ref21]) and could be further considered in future studies.

In this study, we show that lobsters may not display an immobility response at the higher water temperatures predicted under a global warming scenario. The lack of such response at 23°C reported in this study suggests that temperature may inhibit the anti-predator mechanism, increasing exposure and therefore risk of mortality, at least under the experimental conditions tested here. As animals at warmer temperature have higher energetic requirements in order to support elevated maintenance metabolic costs, increasing activity could be expected in order to cover the required energy intake and would also therefore be associated with increasing foraging rates ([@ref11]). This is relevant for lobster species where there appears limited capacity to regulate feeding capacity to support energetic demands at higher temperature, revealing the crucial role that feed intake plays in regulating performance at thermal extremes ([@ref26]). Here, projected temperatures for the region might increase the risk-taking behaviour of lobsters due to greater foraging demands and therefore expose lobsters to greater predation risk.

Another plausible explanation of the lack of immobility response at high temperature may be associated with changes in kairomone properties (e.g. protein degradation), as well as kairomone production by octopus under the warming scenario. Recent studies have shown that chemical alarm cues in tropical fish can degrade rather rapidly under natural conditions considering daily changes in water temperature, solar radiation, pH and dissolved oxygen ([@ref16]). The effect of temperature on the degradation rate of alarm cues may result in seasonal changes in risk perception by prey as suggested by Chivers *et al*., (2013). It is unclear whether outcomes from our study were affected by the temperature effect on kairomone properties, as well as on lobster sensory capacity, which must be considered in future examinations using the current predator-prey model. Global warming and other long-term environmental stressors (e.g. acidification) may disrupt signalling processes (e.g. signal transmission and reception) that mediate aquatic predator--prey interactions, although the lack of underlying mechanisms has strongly limited our understanding on potential impacts to marine ecosystems ([@ref22]). Alternatively, the lack of immobility response in the warming scenario may have been a result of a low production of octopus kairomone. In our study, octopus individuals were acclimated at the same thermal scenarios as lobsters. Nevertheless, it is unknown whether *O. maorum* metabolism was altered under the temperatures tested as the thermal tolerance of this species has not been examined. However, under such a hypothesis it is assumed that octopus metabolism is directly linked to kairomone production. Further research is thus needed given the strong relationship between temperature and metabolism in cephalopods ([@ref58]), especially because recent studies have demonstrated a climate-driven change in distribution in some octopus species (*O. tetricus*) in the south-eastern Australian region ([@ref66]; [@ref67]).

Routine metabolism during the day (RMRd) was higher in predator risk-exposed animals than in controls at 20°C. This metabolic response could reflect the need to compensate the nocturnal reduction of activity from the immobility response, although more research is needed to test such a hypothesis. It is expected that prey individuals might need to compensate the loss of foraging opportunities during the night by additional foraging during the day in order to supply enough food to satisfy energetic maintenance costs ([@ref11]). Consequently, a potential change in lobster foraging patterns may imply a lower risk of predation by nocturnal predators such as octopus, but a higher predation risk from diurnal predators such as fishes ([@ref55]). Future investigation using this predator--prey model should examine changes in foraging activity after predatory exposure during night and day periods.

The immobility response of sub adult lobsters in the present study was more acute (over 1 h) than in adults (3 h), although the reduction of RMR was relatively similar (29%) to observations in adult *J. edwardsii* (31.4%) ([@ref7]). These differences could be attributable to intrinsic factors such as body size, body condition, sex and age, which can affect the way that prey perceive predation risk ([@ref24]). For instance, studies in juvenile lobsters (*Homarus americanus*) have demonstrated that lobster size matters in sheltering/foraging behaviour, with smaller juveniles showing a stronger sheltering response than larger individuals ([@ref80]). Thus, some spiny lobsters (*Panulirus interruptus*) can select shelters more closely scaled to their body size in areas under high predation pressure ([@ref49a]). In addition, it is unclear if lobster sex could have played a role in our results. Studies have revealed that predation risk is often most pronounced for certain age and/or size classes and differs between sexes in fish, resulting in morphological anti-predator plasticity ([@ref64]; [@ref53]). However, it is likely that the influence of sex would be negligible as lobsters were not mature. The size at maturity for this species and region is 75--80 mm CL (see [@ref29]).

Spiny lobsters undergo changes in social behaviours (e.g. social aggregations) throughout their ontogeny ([@ref14]; [@ref15]). Lobsters were isolated in respirometry chambers, eliminating some anti-predatory responses such as conspecific aggregations otherwise likely observed in nature. Hence, outcomes from this study may better describe solitary lobsters, which could metabolically differ from aggregative formations. As reported for *J. edwardsii* ([@ref10]), spiny lobsters frequently form aggregations in shelters during juvenile and sub adult stages compared to early benthic stages (e.g. post-pueruli). Additionally, sub adults can display a distinct aggregative response to chemical cues from conspecifics, especially from large lobsters, which minimizes predation risk ([@ref10]). For example, large lobsters generally range freely in comparison with juveniles and sub adults that remain within a refuge for longer as reported in *J. edwardsii* ([@ref10]). This is an important anti-predator strategy in young lobsters although such aggregative behaviour could have a trade-off as high competition for limited dens may occur ([@ref10]). Additionally, experience also affects how prey individuals respond to predators ([@ref24]). For instance, predator-experienced individuals are generally more responsive to predator odour compared to predator-naïve individuals ([@ref24]). Lobsters used in this study were raised from early benthic stages (pueruli) without any experience of predators (naïve) which could have affected the sub adults' responses. Alternatively, juvenile lobster have greater mass-specific energy demands and smaller energy reserves ([@ref37]; [@ref73]) and thus could be at greater risk of starvation than adults, which could drive greater predator risk-taking behaviours in order to support greater food consumption demands.

Individual activity within a respirometric chamber is metabolically expressed as routine metabolism, and studies have defined the relationship between animal behaviour and metabolic rates (see [@ref78]). Animals that move more in the chambers consume more oxygen, which has been largely documented in crustacean respiratory physiology ([@ref18]; [@ref42]; [@ref78]; [@ref41]). This can be further supported by studies examining circadian patterns in activity and their implications for animal metabolic rates ([@ref7]). [@ref78] found a mismatch between crab activity within a respirometer and that of crabs in a mesocosm when exposed to waterborne cues from predators. While crabs in a mesocosm showed reduced activity, animals within chambers exhibited greater activity ([@ref78]). Under predation risk, a reduction in prey activity is widely observed in crustaceans ([@ref31]). It has been suggested that increasing oxygen consumption could be due to attempts to hide or escape (i.e. stress) as refuge was not provided within respirometry chambers ([@ref78]). Conversely, the current study did find that sub adult lobsters decreased their oxygen consumption matching the same behavioural response tested in mesocosms by [@ref78]. The respirometer used here included a shelter inside, probably facilitating the sheltering behaviour of lobsters. Studies testing the immobility response should examine methodological differences in order to better determine the links between behaviour and physiology.

Escaping responses (tail-flipping) and associated energetic cost {#sec21}
----------------------------------------------------------------

Lobsters did not show differences in AMRs at either temperature, independent of the predation risk scenario. AMR is associated with maximum short-term energy during forced locomotion ([@ref4]), and it is determined by chasing to elicit tail-flipping (e.g. [@ref37]; [@ref25]). Here, the lobster escape response was similar and was independent of environmental stressors (e.g. warming temperature) and exposure to predator cues. Firstly, the lack of differences in response between temperatures may suggest that sub adults reached maximum active metabolism, probably reaching the thermal limits as previously discussed in regard to the AS. Secondly, animals did not show differences between predation risk levels, indicating that tail-flipping imposed a similar energetic cost independently of predation risk scenario.

While post-exercise oxygen consumption rate (EPOC) was elevated under the warming scenario, it did not recover to pre-exhaustion routine metabolism levels within the first hour of EPOC under both temperatures. Previous research with other rock lobster species (*S. verreauxi*) suggests that the duration and magnitude of EPOC increases with temperature, and the recovery periods after exhaustion may take more than 10 h ([@ref37]; [@ref25]). This suggests a significant anaerobic capacity of rock lobsters, which demonstrates the large energetic cost associated with tail-flipping. Such anaerobic capacity is associated with large muscle fibres that facilitate tail-flipping as an escape response ([@ref39]). In an ecological context, a predator attack until exhaustion would impose a large energetic cost beside the risk of death.

Overall, this study demonstrates that for *J. edwardsii* sub adults, temperature can override anti-predator avoidance, such as immobility, under warming scenarios projected for the south-east Australian region. A conceptual model is presented to summarize major findings from this research, highlighting possible foraging behaviour in sub adult *J. edwardsii* ([Fig. 7](#f7){ref-type="fig"}). It is unclear how depletion of key lobster habitats, such as kelp forests, due to the incursion of the habitat-modifying sea urchin ([@ref48]; [@ref40]), could challenge the increasing energetic requirements of lobsters under predation risk at warmer temperatures. Lobster juveniles can increase foraging efficiency under predation risk if refuge areas can supply enough food ('shelter-based food supply') reducing energetic costs and exposure to predators ([@ref80]). However, there are uncertainties in how lobster foraging ecology may be affected as warming temperatures result in reduced habitat quality (e.g. food supply) via urchin barrens (Ling *et al*., 2008). Future studies examining physiological and behavioural responses of lobsters threatened by predators is needed to validate outcomes from this study, especially to understand how changes in physiological and behavioural traits of prey may be reflected at the population level. Major findings reported here can serve as an eco-physiological framework for future studies addressing questions regarding predator--prey interactions in this region, particularly potential impacts for the lobster population, associated fisheries and ecosystem functioning.
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